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The substrate-binding site of a protein with multiple specificity should satisfy geometric and energetic complementarity for several different substrates. The structural basis of the multiple ligand specificity of the periplasmic lysine-, arginine-, ornithine-binding protein (LAO) was investigated by determining and analyzing the structures of the protein unliganded and liganded with each of the three high-affinity ligands (L-lysine, Larginine, and L-ornithine) and with one low-affinity ligand (L-histidine). The geometric complementarity is achieved primarily by virtue of the large size of the 1i-gand-binding site which can accommodate the maximum common volume of the four ligands plus three water molecules. The opti~zation of energetic complement^^ is achieved by the relocation of protein-bound water molecules and by the movement of the Asp-11 side chain. The structure of the LAO-histidine complex indicates that the 30-fold reduced affinity of the protein for histidine is primarily due to unavailability of one ionic interaction of the histidine side chain with the protein which is present in the other three complexes.
Many proteins have specificity for more than one substrate. For example, subtilisin, a proteolytic enzyme, is quite undiscriminating about the nature of the side chains adjacent to the susceptible peptide bond (Markland and Smith, 1971) . Other enzymes are very selective, such as thrombin, a proteol~ic enzyme pa~icipating in blood clotting, which cleaves only arginine-glycine bonds of fibrinogen fBlomb&ck et al., 1967; Powers et al., 1989; Stubbs et al., 1992) . Numerous examples of multiple substrate specificity can be found in the literature including nitrogenase (Hardy, 19791, lipoamidase (Oizumi and Hayakawa, 1990) , Sermhr protein kinases (Proud et al., 1991) , tyrosine protein kinases (Donella-Deana et al., 19901, tyrosylprotein sulfotransferase (Niehrs et al., 1990) , and isoprenylated protein endoprotease (Ma et al., 1992) . The substrate-binding sites of such proteins must be able to accommodate each of several substrates geometrically and energetically.
Bacterial periplasmic binding proteins are essential components that serve as initial receptors for active transport systems (Ames, 1986; Furlong, 19871 , and chemotaxis (Koshland, 1988) (Miller et al., 1983) . The arabinose-binding protein ( B P ) binds a-or P-L-arabinose, the best ligands, with a Kd of 0.1 nm and the D-galactose epimer with a Kd of 0.2 m M (Miller et al., 1983) . The leucin~isoleu~n~valine-binding protein (LW-BP) binds the 3 hydrophobic amino acids with Kd values of 0.1 to 1 n m (Amanuma et aE., 1976) . LAO has an affinity for L-lysine, L-arginine, and L-ornithine (Kd values of 15,14, and 30 nM, respectively: Nikaido and Ames (1993)) about 10 times higher than any of the sugar-binding proteins for their ligands; L-histidine also binds to LAO, but less tightly than the other 3 amino acids, with a Kd of 500 n~ (Nikaido and Ames, 1993) . The histidine-binding protein, HisJ, which is closely related to LAO (Higgins and Ames, 1981) , has a reversed hierarchy of substrate affinities, and binds histidine better than arginine, lysine, and ornithine (Ames and Lever, 1972) .
Both LAO and HisJ interact with the membrane-bound complex of the histidine permease tQ.M.P complex) resulting in the s u b E~u e n t t r a n s~~a t~o n of the bound ligand. Transport through such permeases involves signaling through the membrane-bound complex and ATP hydrolysis concomitant with transport (Petronilli and Ames, 1991; Davidson et al., 1992) . The interaction and signaling between the binding proteins and the membrane-bound complex must be sensitive to the specific conformation of the binding protein. In order to understand the molecular mechanism of transport it is of interest to investigate whether binding proteins with multiple specificity assume conformations with each of the ligands that can be discriminated by the membrane-bound complex.
LAO is an excellent system for studying the basis of multiple ligand specificity and affinity because it binds 4 amino acids which differ in shape and number of atoms, but all bind LAO with fairly high affinity. In this paper, we present the analysis of five crystal structures of LAO from S u l m o n e l~a t~p~i m u r i u m as determined and refined at resolution higher than 2.06 A:
unliganded LAO and the liganded forms of LAO complexed with each of lysine, arginine, ornithine, and histidine. The results are discussed in relation to those obtained with other binding proteins with multiple substrate specificity. Oh et al., 1993) . The crystals of lysine-liganded LAO were shown to contain a small fraction (about 20%) of LAO-arginine molecules. Since the ligand is mostly lysine, this liganded LAO will be referred as LAOlysine throughout the text.
Unliganded LAO was prepared as described (Nikaido and Ames, 1993 Crystal Structure Determination and Refinement-All diffraction data were collected at room temperature using CuKa radiation on a Rigaku R-AXIS-IIc imaging plate system operated at 50 kV and 100 mA. A detailed account of the structure determination of unliganded LAO and of the LAO-lysine complex was reported previously (Oh et aZ., 1993) . Subsequently the structures were further refined by the iterative process of including water molecules into isolated electron densities of the F, -F, maps, and followed by atomic positional refinement using conjugate gradient minimization methods as implemented in the X-PLOR program package (Briinger, 1991).
The structure determination of LAO-arginine was straightforward since the crystals of LAO-lysine and LAO-arginine were isomorphous. The LAO-lysine structure with lysine deleted was refined by the conjugate gradient minimization method against the diffraction data obtained for LAO-arginine, and bound arginine was subsequently put in place according to the clear electron density in Wa -F, map.
For the structure determination of LAO-histidine and LAO-ornithine complexes, the molecular replacement method was employed, because their crystal packing was completely different from that of the LAOlysine or LAO-arginine complex. The structure of LAO-histidine was determined using the LAO-lysine structure with the lysine deleted as a probe molecule in the molecular replacement; subsequently, the structure of LAO-ornithine was solved by refining the LAO-histidine structure without the bound ligand against the diffraction data obtained for the ~0 -o r n i t h i n e .
In both cases, the respective ligand was put in place manually on a graphics c o~p u~r according to the clear electron density of the 2 F e -F, maps. In the case of the LAO-ornithine complex, the 2F0 -F, map calculated for the initial coordinates determined by the molecular replacement clearly indicated that the backbone and side chain conformation of Asp-11 is different from that of the other four structures. All molecular replacements and structure refinements were carried out using X-PLOR (Brtinger, 1991). The final crystallographic statistics of the structures are summarized in Table I .
RESULTS
As reported previously (Oh et ad., 1993), LAO is composed of two lobes, one bigger (lobe I, residues 1-88 and 195-238) than the other (lobe 11, residues 93-189, connected by two short peptide segments. In the liganded protein conformation, the ligand is held at the interface between the two lobes ( Fig. la) . The detailed ligand-binding mode for lysine is shown in Fig. lb . Ionic interactions play a primary role in neutralizing the charged group of the ligand in LAO, in contrast with the situation with all other binding proteins, in which the charged group of the ligand is stabilized exclusively by uncharged polar and van der Waal's interactions (Quiocho, 1990) . LAO also employs hydrophilic and hydrophobic interactions for tight binding of the ligand as shown in The ligand-binding pocket can be considered in three parts. Region I makes many hydrogen bond and electrostatic interactions with the common amino and carboxyl termini of the ligands; region I1 consists of two aromatic and two aliphatic side chains which make exclusively hydrophobic interactions with the aliphatic or aromatic portion of the ligands; and region 111, like region I, makes many hydrogen bond and electrostatic interactions with the charged and/or polar portion of the ligands.
In comparing the structures of the liganded LAOs, the C" atoms of residues 5-235 are superimposed by a least squares fit. The r.m.s deviation between any pair of the liganded structures is less than 0.18 A. Thus the overall conformation is essentially the same for all four liganded forms. Recognizable differences are located only in and around the binding pocket, as described below. The superposition of C' atoms of the four liganded LAO structures shows that the ammonium and carboxyl groups, common to all four ligands, are positioned essentially identically, and the planes of the aliphatic chains of Lys, Arg, and O m superpose well with the plane of the His side chain (Fig. 2, a-d) . In comparing the structures of unliganded LAO with liganded LAOS, the C" atoms of lobe I (residues 5-88 Binding Site of the LAO-Arginine Complex-In the LAOarginine complex, two additional side chain atoms of arginine, as compared to lysine, need to be accommodated in the binding site. This is achieved primarily by the simple displacement of water mofecule 401 into the bulk solvent (Fig. 2%) . As a congequence, the arginine Nq2 replaces three hydrogen bonds in which water molecule 401 was engaged and gains one favorable tains the same interactions with Asp-30 (3.17 8, from Asp-30 OM) and Ser-70 (3.10 8, from the Ser-70 0 7 ) as in unliganded LAO. Fig. 2b shows that the bulky guanidino group of arginine causes minor changes in the conformation of the Asp-11 side chain. As shown schematically in Fig. 3, a and b , the side chain of Asp-11 is rotated slightly and pushed away 0.45 A (distance between the Asp-11 Cy positions in the LAO-lysine and LAOarginine structures) toward the bulk solvent, as compared with the LAO-lysine complex. This Asp-11 reorientation is apparently necessary in order to maintain a proper distance for ionic interaction between its OB2 and the NV1 atom of arginine. Even though this could be considered a substantial movement, it does not result in repositioning of any of the other atoms, since the Asp-11 0 ' ' faces toward and is pushed into the bulk solvent (Fig. 4) . It is also noted that the Ser-69 0, not used in LAOlysine, makes a hydrogen bond with the Ne of bound arginine.
Binding Site of the LAO-Ornithine Complex-omithine, the smallest of the 4 amino acids, occupies the least space at the binding site. Surprisingly, the empty space thus generated is filled up by the Asp-11 side chain rather than by an additional water molecule. As shown in Figs. 2c and 3c Binding Site of the LAO-Histidine Complex-Histidine is different from the other 3 amino acids in that its side chain is uncharged and it contains a ring structure. The different shape, however, can also be accommodated without any global or local conformational changes, since the amino acids involved in ligand-binding in the LAO-histidine complex structure are nearly identically positioned as those in the LAO-lysine or LAO-arginine complex (Fig. 2d) . Water molecule 403 makes a hydrogen bond to the Nsl of histidine as shown in Figs. 2d and   3d . This water molecule does not interact with any of the other three ligands, but interacts with the adjacent water molecule and mediates the interaction between the Tyr-14 Oq and Leu-117 N atoms (Fig. l b ) Amino acid residues in arginine and in L A O~~i t h~n e are shown as thick and thin lines, respectively. The solvent accessible surface of Asp-11 in LAO-arginine was calculated using a 1.4-A radiue fox a probe water molecule, and is represented by a dotted surface. All atoms within 4 a from any atom of Asp-11 or Thr-18 are shown. Although Thr-12 in LAO-ornithine also changes conformation of its side chain slightly due to the peptide bond rotation between Asp-11 and Thr-12, it does not require repositioning of nearby protein atoms. The carbonyl oxygen atom of Asp-11 in the LAO-ornithine complex becomes exposed to the bulk solvent as a result of the peptide bond rotation between Asp-ll and Thr-18, whereas i t s side chain becomes buried. Although not shown, the f Y 1 of Asp-11 in LAO-lysine and ~0 -~s t i d i n e is similarly q e d to the bulk solvent as in LAO-arginine. may form a hydrogen bond with the "OH4 group when it is either in the equatorial position (D-glucose) or in the axial position (D-galactose), thus explaining the negligible difference in the affinity of GBP for these two epimers. In the crystallographic studies on ABP complexed with each of L-arabinose, D-galactose, and D-fucose, it was concluded that the two proteinbound water molecules at the ligand binding site directly modulate the specificity of ABP by mediating interactions of ligands with the protein.
As an example of multiple specificity for uncharged amino acids, model building studies of LN-BP in the "open" conformation with L-leucine bound to the NH,-terminal domain indicated that a depression in the LIV-BP binding site could accommodate the side chain of either L-isoleucine or L-valine, as well as L-leucine (Sack et al., 1989) . On the basis of this analysis of binding site specificity an attempt was made to interconvert LIV-BP and LS-BP; the lack of success indicated that as yet undefined residues from the COOH-terminal domain of the two proteins must also contribute to determining their specificity (Adams et al., 1991) . The structure of the "closed" form of LIV-BP may be necessary t o obtain precise and complete information on the full extent of the ligand-protein interactions. The studies presented in this paper on multiple specificity for charged amino acids complement those for uncharged sugars and amino acids summarized above.
General Characteristics of the Ligand-binding Pocket-The ligand-binding pocket is large enough t o accommodate the maximum common volume of all four ligands plus three water molecules. A similar observation has been made in the crystal structures of the Fab fragment of an antiprogesterone antibody complexed with each of five different steroids. This study showed that the antigen-binding surface is large and that each steroid can be oriented in one of the two pockets of the binding site, thus explaining the multiple specificity for this group of steroids (Arevalo et al., 1993) . As for the ligand-binding pocket of LAO, it can be divided into three regions: region I interacts with the terminal carboxyl and amino groups common to the 4 amino acids; region 1 1 1 interacts with the positive charge of the side chains common to all three high affinity ligands; and region I1 accommodates those portions of the side chains that are hydrophobic and different in the four ligands.
Role ofProtein-bound Water Molecules-Water molecules 401 (or 402 in LAO-arginine) and 403 interact with both the ligand and the protein, and thus appear to contribute directly to the ligand specificity and affinity of proteins by mediating interactions between a protein and its ligands, as Quiocho et al. (1989) concluded from the crystallographic study of ABP. Binding of different ligands t o ABP causes positional shifts of the two water molecules involved in hydrogen bonds between the protein and the ligands, as was also observed in the liganded LAO structures. In the ABP-L-arabinose and ABP-D-fUCOSe structures the two water molecules are found at nearly the same positions. However, in the ABP-D-galactose structure, one of the two water molecules is dislodged into the bulk solvent by the -CH,OH group of D-galactose, and the other water molecule shifts its position and retains two hydrogen bonds and forms a new hydrogen bond with the protein.
However, in LAO all five of the hydrogen bonds between the protein atoms and water molecules 401 and 402 in the liganded LAOS (Figs. l b and 3) are not newly created by ligand binding (except for the one between water molecule 401 and the Asp-11 Osl in LAO-ornithine), but are present even in unliganded LAO. In the presence of a ligand, they simply gain one more hydrogen bond with the ligand (Figs. 2 and 3) . Thus, the major role of these water molecules in LAO is to contribute to neutralizing the charges and partial charges of the protein atoms.
Water molecule 403 also gains one hydrogen bond with the bound histidine, but it is also involved in two other hydrogen bonds that are present in all the liganded LAOs (Fig. lb) . The major role of water molecule 403, therefore, is to neutralize the partial charges of protein atoms that are brought together by the closing motion of the protein, rather than specifically mediating the interactions between the bound ligand and the protein. From these observations, it is more reasonable to conclude that the destiny and position of the protein-bound water molecules, at least in LAO, are primarily determined by the shape and electrostatic properties of the protein surface in the pocket, rather than directly influencing the interactions between the protein and ligand. On the other hand, it should be also noted that the mobility of the bound water molecules allows the same hydrogen bonds with the protein to be maintained, despite the difference in ligand structures; a new hydrogen bond is also established with a ligand or with the protein in the case of LAO-ornithine.
Electrostatic Interaction for High Ligand Afinity-The affinity of LAO for histidine (ICd of 500 nM) is about 30-and 17-fold lower than that for lysine or arginine (Kd of about 15 nM), and ornithine (ICd of 30 nM), respectively. One striking difference in the binding mode of histidine as compared to that of the other three ligands is the absence of an ionic interaction with the Asp-11 side chain. The length of the bound histidine is the same as that of ornithine; thus the bound histidine leaves a void volume at the binding site. Unlike the case of ornithine binding, in which the rotation of the Asp-11 side chain toward the void volume provides an ionic interaction with ornithine, such a rotation does not occur upon binding of histidine. The protonation state of the imidazole ring of histidine does not appear to be the reason for the lack of the ionic interaction. Aplausible explanation is that the imidazole nitrogen of histidine cannot be drawn to a proper distance and angle to the carboxylic oxygen of Asp-11 for a favorable interaction. The distance between the histidine N" and the Asp-11 Os' in the LAO-histidine is 3.84 A, while the distance between the ornithine N' and Asp-11 0" in the LAO-ornithine complex is 2.97 A. We suggest that the absence of an ionic interaction between the histidine ligand and the protein may be the primary reason why the LAOs affinity for histidine is far below that for the other three substrates, all of which make an ionic interaction with Asp-11.
It was previously noted that the W spectrum of LAO changes upon liganding and varies with the nature of the ligand (Nikaido and Ames, 1993) . These observations can be explained in terms of the data presented here, and indeed support them. Tyr-14, which is presumably responsible for the changes in UV absorption, is stacked upon the aliphatic carbons of liganded arginine and lysine, resulting in very similar spectra. On the other hand, when histidine is the ligand, Tyr-14 is stacked upon its imidazole ring, resulting in a very different spectrum. The even more different spectrum observed in the presence of ornithine is likely to be due to exposure of Tyr-14 to the more polar environment of the ammonium group of ornithine and of the carboxyl group of Asp-11.
Structural Basis for Mutiple Ligand Specificity-The unliganded and the four liganded structures of LAO indicate that the structural basis for LAO'S multiple substrate specificity has three aspects. 1) The binding site of LAO is large enough to accommodate the maximum common volume of the 4 amino acids plus water molecules 401, 402, and 403. Because of the large size of the binding site, lysine, ornithine, or histidine readily fit into the site, and in the case of arginine, the fit is accompanied by the simple displacement of one water molecule.
2 ) All the residues in the ligand-binding pocket (except one residue in the LAO-ornithine complex) undergo only small conformational changes to achieve geometric fit and favorable interactions with the iigands. Asp-11, which undergoes a large con€ormational change upon o~i t~i n e binding, is on the surface of the protein, so that its side chain can be pushed into, or the carbonyl carbon can be rotated toward, the bulk solvent as shown in Figs. 3 and 4 , thus causing no steric hindrance while satisfying alternative hydrogen bonding with the bulk solvent. 3) Protein bound water molecules can be displaced by a ligand, as observed in the LAO-arginine structure, to provide room for a better geomet~c fit, or their position can be shifted, as observed in all the rest of the Iiganded structures, to maintain andor to establish energetically favorable interactions between the ligands and the protein. 
